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Abstract

Hard carbon is regarded as a promising anode candidate for sodium-ion
batteries due to its low cost, relatively low working voltage, and satisfactory
specific capacity. However, it still remains a challenge to obtain a high-
performance hard carbon anode from cost-effective carbon sources. In addition,
the solid electrolyte interphase (SEI) is subjected to continuous rupture during
battery cycling, leading to fast capacity decay. Herein, a lignin-based hard
carbon with robust SEI is developed to address these issues, effectively killing
two birds with one stone. An innovative gas-phase removal-assisted aqueous
washing strategy is developed to remove excessive sodium in the precursor to
upcycle industrial lignin into high-value hard carbon, which demonstrated an
ultrahigh sodium storage capacity of 359 mAh g™". It is found that the residual
sodium components from lignin on hard carbon act as active sites that
controllably regulate the composition and morphology of SEI and guide
homogeneous SEI growth by a near-shore aggregation mechanism to form thin,
dense, and organic-rich SEI. Benefiting from these merits, the as-developed SEI
shows fast Na* transfer at the interphases and enhanced structural stability,
thus preventing SEI rupture and reformation, and ultimately leading to a

comprehensive improvement in sodium storage performance.
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1 | INTRODUCTION

The scarcity of lithium resources restricts further
application of state-of-the-art lithium-ion batteries
(LIBs) in large-scale energy storage systems, for which
the top priority is no longer energy density but
production cost."? Sodium-ion batteries (SIBs), which
have analogous intercalation chemistry/electrochem-
istry as LIBs, are considered as promising alternatives
to LIBs due to the abundance of sodium resources
available.>> The major issue impeding the commer-
cialization of SIBs is the absence of appropriate anode
materials. Thermodynamically, the commonly used
graphite anodes in LIBs are not suitable in SIBs.®”® In
2000, Stevens et al.” first reported that hard carbon
obtained from glucose pyrolysis delivered reasonable
reversible capacity in SIBs, which brought about a
turnaround in the development of anode materials for
SIBs. Since then, considerable efforts have been
devoted toward the synthesis and optimization of hard
carbon.'”'* Notably, the development of high-
performance hard carbon with relatively low produc-
tion costs is crucial for SIBs. Specifically, finding
affordable carbon precursors is critical for the realiza-
tion of low-cost hard carbon, while achievement of
excellent electrochemical performance demands high
sodium storage capacity and robust interphases to
ensure long-term cycle stability.
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Biomass has gained attention as a significant feed-
stock category for the synthesis of hard carbon due to its
economic viability and sustainability. However, the
heterogeneity of feedstocks presents challenges to its
large-scale production. Lignin, which is extracted from
biomass, is the second most abundant organic material
globally and is anticipated to offer a plethora of valuable
hard carbon products.'” Moreover, alkaline liquor (also
known as black liquor), a byproduct derived from
processes aimed at cellulose recovery from biomass,
serves as an abundant source of industrial lignin.
Unfortunately, the frequent utilization of sodium-
containing chemicals during the alkaline pulping process
for lignin separation from biomass leads to a high sodium
content in the extracted industrial lignin (Figure 1A),
thereby significantly impeding its conversion into high-
value-added carbon products.’® In fact, lignin-derived
hard carbon shows unsatisfactory electrochemical per-
formance, so it is necessary to blend lignin with other
precursors such as pitch and polyacrylonitrile to improve
the as-prepared hard carbon performance.'”'® Therefore,
the preparation of hard carbon with excellent sodium
storage performance using industrial lignin remains a
challenge. Considering previous studies reporting the use
of residual sodium components on the cathode surface to
establish a robust interphase,'® there is great anticipation
for the potential applicability of this concept in the
negative electrode.

(B)100

Extraction method o400+
f_/ChemicaI pulping ok -
e T G |
° | P A N (R N
= ! | % 200 400 600 800 1000
n 1
. ] o
Hemicellulose ‘- @@ s Temperature (°C)
(C) High (D) _ (E) 5
oy y 00 e Ar
3 SO ™ pgre® r 1000°C 2 h
< o 260°C 481
3 5 260°C S
£ 0] \ 246+
2 2 AN\ —~— 1 TN\220°C 2 [ | |
2 s e = B
=3 G 44 |
oo o] 2 | |
o0 2 180°C s [ |
500 @ < O 42+
4005 L& M
300 & i
200,5 AR I R R BN ., B ., B§ 0 W8 N8, N8

=
S
=
F

§ S s = o0 2000 1600
5.2 8 55
avenu,nb;' =

500

=)
S
=3
=7
)

3
-

cm

FIGURE 1

Wavenumber (cm™)

40
1200 800 400 160 180 200 220 240 260
Pretreatment temperature ( °C)

(A) Composition and macrostructures of the lignocellulose structure. (B) Weight loss curves for lignin. (C) TGA-FTIR data

of lignin. (D) FTIR spectra of lignin pretreated at different temperatures. (E) Carbon yield of lignin pretreated at different temperatures.
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In this study, we have successfully developed a hard
carbon anode using industrial lignin. The as-developed
hard carbon shows excellent electrochemical performance
in SIBs in terms of reversible capacity and cycling life.
Especially, a gas-phase removal-assisted aqueous washing
strategy was proposed to remove sodium components
inside the precursor to achieve high sodium storage
capacity. Furthermore, it is found that residual sodium
components on the as-synthesized hard carbon help to
form robust solid electrolyte interphase (SEI) layers,
which is beneficial for improving the anode performance.
The comprehensive analysis of physical and chemical
properties indicates that organic-rich SEI layers are
uniformly and densely distributed on the surface of hard
carbon. Theoretical calculations elucidate the mechanism
underlying the formation of robust SEI, namely, the
uniform nucleation deposition of SEI utilizing residual
sodium components on the hard carbon surface via a
near-shore aggregation mechanism. Hence, the utilization
of tailored hard carbon materials, coupled with robust
interphases, enables superior electrochemical perform-
ance of hard carbon anodes for SIBs. Specifically, a
remarkable reversible capacity (359 mAhg™") and 400
stable cycles are obtained.

2 | RESULTS AND DISCUSSION

21 |
carbon

Synthesis of lignin-derived hard

In the global pulping and paper industry, lignin is produced
as a byproduct of the pulping process at about 50 million
tons annually.”® Only a tiny percentage of this lignin is used
for value-added products, and the remainder is commonly
burned for electricity generation. To highlight the economy
and universality of this study, the lignin used in the study
was derived from alkali lignin from the pulp industry.
Carbon yield is a key indicator for the preparation of hard
carbon.”’ Thermogravimetric analysis (TGA) was first
performed to determine the carbon yield of lignin pyrolysis
(Figure 1B), and it was found that the sample can
achieve an approximately 40% carbon yield under an
argon atmosphere at 1000°C. However, lignin remains as
~20wt% residual mass after being ashed up to 1000°C,
which can be attributed to the oxidation products of the
sodium components in lignin.”* To determine the reasons
for the low carbon yield (organic elemental analysis showed
that lignin contained close to 51 wt% of carbon atoms), we
used TGA coupled with online gas-phase Fourier transform
infrared spectroscopy (FTIR; Figures 1C, S1 and Table S1)
and gas chromatography-mass spectrometry (Figure S2) to
monitor the gas compositions during lignin thermal
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evolution. It was found that the sodium components of
lignin can affect hard carbon yield by facilitating the release
of small molecules and accelerating carbon decomposition
(detailed analysis in Text S1).

To achieve higher carbon yields, we implemented a
preoxidation strategy to enhance the cross-linking of
lignin molecules, thereby inhibiting the release of small
molecules during pyrolysis. The functional groups of
lignin were monitored by FTIR during air preoxidation at
different temperatures (Figure 1D), and the results
indicate that the degree of lignin cross-linking increases
as the temperature increases.”® Subsequently, the carbon
yield of preoxidation lignin was assessed at different
temperatures (Figure 1E). The carbon yield showed an
initial increase at lower temperatures with an increase in
the pretreatment temperature, reaching a maximum
value at 220°C, followed by a subsequent decrease at
higher temperatures. This phenomenon can be attributed
to the fact that preoxidation enhances the cross-linking
between lignin molecules, thereby impeding rapid lignin
decomposition during pyrolysis and ultimately increas-
ing the yield. However, based on thermogravimetric
curve analyses (Figure 1B), excessive preoxidation at
elevated temperatures may result in oxidative losses and
consequently lead to reduced yields.

Immediately following this, the synthesis condition
was thoroughly investigated to achieve high-performance
hard carbon. As shown in our results (see Text S2 and
Figures S3-S7 for more information), a high temperature
of 1400°C is beneficial for the preparation of hard carbon.
A gas-phase removal-assisted aqueous washing strategy
was devised to eliminate the sodium components from
hard carbon prepared from industrial lignin, based on
the low boiling point (882.8°C) of the sodium and the
good aqueous solubility of sodium salts. All the process
flows are shown in Figure 2A (samples denote 700BW,
700AW, L-1400BW, L-1400AW, 1000BW, 1000AW,
H-1400BW, and H-1400AW; BW =before washing,
AW =after washing; L=Ilow temperature, H =high
temperature, and the numbers represent the tempera-
ture). The surface compositions and chemical states of
elements in a series of lignin-derived carbon materials
were investigated using X-ray photoelectron spectros-
copy (XPS) (Figure 2B, detailed analysis in Text S3).
The XPS trend indicates that a higher temperature
front-end heat treatment can expedite the migration of
sodium to the material's surface (Figure 2C), thereby
facilitating its removal through the subsequent aque-
ous washing.** By implementing this strategy, we
successfully achieved H-1400BW samples with signifi-
cantly reduced surface sodium content, while the
H-1400AW samples showed a complete absence of
sodium components on their surfaces.
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FIGURE 2 (A) Preparation of hard carbon for SIBs using lignin by both high- and low-temperature pyrolysis routes at the front end,

respectively. (B) XPS survey spectra of different samples. The right side of the graph shows the relative element contents calculated using
XPS results. (C) Schematic diagram of sodium migration during lignin pyrolysis. (D) High-resolution Na 1s, O 1s, and C 1s XPS spectra of

different samples.

To elucidate the specific form of sodium components
on the surface of hard carbon and evaluate its suitability
within the electrode material, the high-resolution Na 1s,
O 1s, and C 1s spectra of lignin-derived materials are also
examined (Figures 2D and S8). The binding energy at
1071 eV can be assigned to sodium compounds,? with
their contents changing throughout the process steps,
and the presence of Na,CO; in C 1s and O 1s is also
consistent with the changes in the sodium content. The
X-ray diffraction patterns of the 1000BW and H-1400BW
samples show that the gas-phase removal-assisted
aqueous washing process effectively removes most of
the sodium components and also confirm that the
sodium components that migrate to the carbon surface
are in the form of Na,CO; (Figure S9). It has been
demonstrated that Na,CO; is an important component of
SEI membranes for SIBs,>® so the role of these
sodium components remaining on the carbon surface in
the electrochemical performance is highly anticipated.

Furthermore, we also investigated the morphological
characteristics of the prepared samples and further
established the structural features of their hard carbon
(Figures S10-S12). To sum up the observations from
experimental characterizations, we successfully synthe-
sized hard carbon samples from industrial lignin using a
gas-phase removal-assisted aqueous washing process.

2.2 | Electrochemical testing and
electrochemical kinetic analysis

In an attempt to evaluate the effect of the residual sodium
components on electrochemistry and electrode kinetics,
the half-cell configuration was used to investigate
the capacity of hard carbons in sodium ion storage. The
cycling performance and galvanostatic charge-discharge
curves of the H-1400BW and H-1400AW samples are
illustrated in Figure 3A,B, demonstrating the exceptional
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FIGURE 3 (A) Cycling performance of hard carbon cells using different electrodes cycled at 0.1 C (1.0 C=300mA g™).

(B) Galvanostatic charge-discharge curves of different cycles of the H-1400BW electrode and the H-1400AW electrode. CV profiles (the inset
shows the first three cycles' curves) with different sweep speeds for (C) the H-1400BW electrode and (D) the H-1400AW electrode. (E) Linear
relationship between log(v) and log(i) of the H-1400BW electrode and the H-1400AW electrode. CV curves of (F) H-1400BW and

(G) H-1400AW at 1.0 mV s™* with surface control and diffusion control currents separated at each potential. (H) Capacitive contribution
ratio of the H-1400BW electrode and the H-1400AW electrode in SIBs at scan rates ranging from 0.2 to 5.0 mVs™.

sodium storage capabilities of lignin-derived hard carbon
(H-1400BW: 359 mAh g™"), which is one of the highest
values based on previous publications (Figure S13). The
long low-potential plateau implies that most of the sodium
ions are stored in the form of filled holes, which
corresponds to the shoulder peaks observed by our small-
angle X-ray scattering (Figure S12). It is noteworthy that
H-1400BW, which has a small number of sodium residues
on the hard carbon surface, demonstrates improved cycling
stability and capacity retention. Further charge—discharge
curve analyses showed that both the sharp capacity drop at
the beginning of the cycle and the capacity decay at the end
of the cycle mainly occurred in the plateau region at low
potential (Figures S14 and S15), which is closely linked to
the interfacial nature of the hard carbon surface. Therefore,
the residual sodium components may play a key role in

stabilizing the interphase and thus enhancing the electro-
chemical performance.

To clarify the effect of the residual sodium compo-
nents on the electrode kinetics, first, cyclic voltammetry
(CV) curves (scan rates [v] of 0.1—5.0 mV s ) of the cells
were constructed (Figure 3C,D). Both samples present
similar electrochemical behaviors at various v, but
H-1400BW has a relatively larger peak current (i),
emphasizing its superior electrochemical kinetics. Next,
the relationship between v and i of CV is analyzed using
the equation, i = avb, to examine sodium-storage behav-
iors of both anodes, where a and b are constants.
Figure 3E shows an excellent linear relationship between
log(v) and log(i), yielding the calculated b values of 0.66
and 0.61 for H-1400BW and H-1400AW, respectively, and
this suggests a combination of pseudocapacitive- and
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diffusive-controlled sodium-storage processes in H-
1400BW and H-1400AW. The contribution of the two
controls discussed above can be further calculated by the
equation, i = kv + k2 (kv and kv correspond to the
pseudocapacitance and diffusion contributions, respec-
tively, where k and k, are constants), and the results are
shown in Figure 3F—H. At a v of 1.0mVs™', the
pseudocapacitance of H-1400BW is calculated to be
44.8%, which is higher than that of H-1400AW (39.4%),
and as v increases, the pseudocapacitive contribution of
H-1400BW becomes more apparent. The high pseudoca-
pacitance ratio indicates that the material favors surface
redox reactions or that the electrode provides a favorable
ion transport and adsorption path.>”*® The increased
intercalation pseudocapacitance triggered by H-1400BW
indicates faster diffusion and electron transport of
sodium ions throughout the cell.*

Considering that the distinguishing factor between the
two electrodes lies in the presence of residual sodium
components on the surface of hard carbon, our investiga-
tion next focuses on the electrochemical kinetics of

interphases, as it plays a crucial role in ensuring consistent
cycling performance of the cell.***' Remarkably, the
structural characteristics of the interphases are well
reflected by the alternating current (AC) impedance.*
Nyquist plots of in situ electrochemical impedance
spectroscopy (EIS) of H-1400BW and H-1400AW during
discharge-charge processes are shown in Figure 4A,B. The
charge-transfer resistance (R;) of both in discharging is
significantly higher than that in charging, which indicates
that the resistance of the hard carbon material is
significantly larger during sodium insertion than sodium
desertion, due to the formation of SEI. It is worth noting
that, as shown in Figure 4C, H-1400BW shows a rapid
reduction in R at the beginning of the discharge, with R
reducing to a smaller value than H-1400AW during the first
discharge. Moreover, the reactive sodium ion migration
using the galvanostatic intermittent titration technique
(GITT) indicates that H-1400BW shows a relatively higher
diffusion coefficient, indicative of the fast ion transport
(Figure 4D,E). Taken together, the robust interphase of
H-1400BW is the key to improved cycling performance.
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2.3 | Fundamental insights into
interfacial phenomena

After confirming that excellent electrochemical perform-
ance depends on robust interphases, the remaining issue
is the impact of the residual sodium components on the
physical and chemical properties of SEI. First, we
investigated the composition and content of SEI on hard
carbon surfaces. Time-of-flight secondary ion mass
spectrometry (TOF-SIMS) for the H-1400BW electrode
and the H-1400AW electrode after the first cycle was
performed in the range of positive polarity. Analysis of a

CARBON ENERGY-WI LEY—L7*

large number of SEI fragments from the H-1400BW
electrode and the H-1400AW electrode indicates consider-
able similarity in their SEI composition (Figure 5A), with
SEI fragments mainly assigned to sodium-containing
inorganic contents (62 [Na,O%], 63 [Na,OH"], 65
[Na,F*], 85 [Na;0™], 107 [NasF, "], and 129 [Na;CO5"]).%¢
Notably, there were considerable differences in these
inorganic contents. The changes in SEI can be attributed
to the presence of residual sodium components on the
surface of the hard carbon. Otherwise, the morphology of
SEI on both samples was found to be different in terms of
structure and thickness when we compared their
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FIGURE 5 (A) TOF-SIMS spectra for the H-1400BW electrode and the H-1400AW electrode after the first cycle. (B) High-resolution
transmission electron microscopy image of the H-1400BW electrode and the H-1400AW electrode after the first cycle. (C) Variation of the
atomic content of the H-1400BW electrode and the H-1400AW electrode after the first cycle measured by XPS at different sputtering
thicknesses. (D) F 1s XPS spectra of the H-1400BW electrode and the H-1400AW electrode. (E) Schematic pictures of SEI formation
processes based on the near-shore aggregation mechanism. (F) Simulated interaction configurations and (G) calculated adsorption energy
between the nucleation center (Na,COj3) and the main SEI components of Na,CO; and NaF.
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transmission electron microscopy images (Figure 5B). The
SEI of H-1400BW is relatively thin and dense, with a
uniform film layer, while that of H-1400AW has a
hemispherical pile-up on the material's surface.

Besides content and morphology, the spatial distribu-
tion of SEI components also has a profound impact on the
cycling stability of electrodes. To understand the effect of
residual sodium components, Ar* sputtering was used to
probe different depths of the SEI layer. With an increase
in the etching depth, the inner SEI of H-1400BW contains
more sodium and fluorine components with fewer carbon
and oxygen contents than that of H-1400AW (Figure 5C).
In particular, the F 1s XPS spectra show that the NaF
content in the SEI of H-1400BW increases significantly
with increasing etching depth (Figure 5D).*>** Previous
studies have demonstrated that inorganic NaF-rich SEI
layers are more resistant to stress changes during cycling,
thus resulting in better structural stability.35 In addition,
the high-resolution C 1s XPS spectra show relatively
lower contents of alkyl carbonate and sodium carbonate
and higher contents of organic carbon in the SEI of
H-1400BW (Figure S16).”*° Based on this, it can be
deduced that H-1400BW is enriched with inorganic NaF
and organic components of SEI to ensure its long-cycle
stability, with all of the performance-structure differ-
ences attributed to the reconstruction of the SEI due to
the transition of sodium residues to integrate SEI
compositions.

Considering the key role that residual sodium
components play in hard carbon, we further investigated
the underlying mechanism. For this, we analyzed typical
patterns in the formation of SEI. Two typical growth
mechanisms for SEI have been reported: the nanoscale
SEI “surface growth” model, which combines classical
molecular dynamics and Monte Carlo methods,*” and the
“near-shore aggregation” mechanism reported by
Ushirogata et al.>® For the mechanism of “near-shore
aggregation,” it is proposed that the SEI components
formed at the electrode surface desorb into the near-
shore region and aggregate, subsequently coalescing and
contacting the electrode to complete SEI formation.
Given the higher solubility of SEI in SIBs,***° it can be
inferred that the growth mechanism of SEI in SIBs is
more inclined towards near-shore aggregation, as illus-
trated in Figure 5E. As a result of the residual sodium salt
component on the hard carbon surface, we may infer that
the interphase of H-1400BW is nucleation-based growth,
resulting in a thin and dense SEI. The H-1400AW
sample, on the other hand, lacks a nucleation center and
the SEI growth is dominated by nuclei growth, which in
turn leads to hemispherical large particles with uneven
SEI components.

To further validate our proposed hypothesis, a
density functional theory calculation is performed. We
performed simulation of the interactions between
residual salt components (e.g., Na,COs) on the surface
of the material and the main SEI components (e.g.,
Na,CO; and NaF as detected by XPS) (Figure 5F). The
calculated adsorption energies of Na,CO; and NaF
inorganics on the Na,CO; slab show that the residual
surface Na,CO; has a high affinity for both Na,CO;
and NaF components (Figure 5G), indicating that the
sodium salts remaining on the hard carbon surface
interact strongly with the SEI membrane components
dissolved in the electrolyte. This will promote SEI
nucleation and uniform growth. The computational
results adequately account for the experimental obser-
vations and clarify the real SEI growth behavior in our
studied system.

3 | CONCLUSIONS

Lignin-derived hard carbon was synthesized using a
gas-phase removal-assisted aqueous washing process.
The as-synthesized hard carbon anode shows remarkable
sodium storage performance on evaluation as an anode
material for SIBs. One of the key findings to emerge from
this study is that the residual sodium components on the
hard carbon surface play an important role in SEI
formation; specifically, they can modulate both the
composition and morphology of the SEI, thereby yielding
robust interphases. Theoretical calculations have verified
our finding and confirmed that migration of sodium
carbonate to the hard carbon surface helps to promote
nucleation and homogeneous growth of SEI. These
findings are crucial for comprehending the process of
synthesizing high-performance hard carbon and eluci-
dating the formation and regulation mechanisms of
SEI in SIBs.
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